Abstract
however, it has not been assessed neurophysiologically whether rhythmic auditory stimulation
83
(1) produces comparable auditory entrainment in PD patients and controls, and (2) whether 84 between groups such auditory entrainment is equally potent in engaging motoric activity.
85
For several reasons, it is advantageous to address the question whether deficient 86 entrainment in PD is generalized or specific to the motor system through the auditory 87 modality. The auditory cortex is sufficiently far away from the motor cortex to spatially 88 separate auditory and motor cortical rhythms. Equally important, the sensorimotor beta proven to be sensitive to group differences in entrainability (Lakatos et al. 2013 ). In light of 94 this background, we used an auditory target detection task and recordings of oscillatory brain 95 activity to test whether deficient entrainment in PD patients is a generalized deficit or 96 restricted to the motor system.
98

Materials and methods
99
Subjects
100
A total of 15 PD patients and 15 healthy subjects participated in the experiment. One healthy 101 subject performed the task with the non-dominant hand and one patient could not perform the 102 task correctly; both were excluded from all further analyses. This left the final sample in the 103 experiment with 14 PD patients (11 men; mean age ± SD, 61 ± 8 years; 1 left-handed) and 14 104 healthy age-matched subjects (9 men; aged 60 ± 5 years; 1 left-handed). Control subjects were 105 6 without history of neurological or psychiatric disease. PD patients were of mild to moderate 106 disease severity (see Table 1 ). All participants provided written consent and the study was 107 approved by the local ethics committee (CMO Arnhem-Nijmegen). All patients were on 108 dopaminergic medication, but the experimental investigation and UPDRS rating were 109 performed in the morning, after overnight withdrawal of medication (>12 h). The patient 110 group had a mean score of 28 (±8) on the motor section of the Unified Parkinson's Disease
111
Rating Scale (UPDRS) in the OFF state (see Table 1 ).
-------------------Insert Table 1 --------------------
114
Task and procedure 115 The experiment consisted of an auditory target detection task, based on a study of Stefanics et presented with a ratio of 2:1:1 for the 10, 30 and 50% tones respectively, as this has two main 125 advantages. First, adding more tones with 10% target probability leads to longer target-free 126 periods, enabling the analysis of entrainment without movement-related activity. Second, by 127 presenting the 30 and 50% tones equally often, we can rule out the possibility that any 128 probability-related effects we find are simply due to a lower presentation rate of tones with 129 higher predictive value. Additionally, at random time points a stimulus was omitted (with 130 7 10% probability of occurrence), enabling the investigation of preparatory effects without any 131 confounding evoked activity due to stimulus presentation. In order to make an unbiased 132 comparison between conditions (standards, targets and omissions) and probabilities, we 133 randomly selected 100 stimuli of each type for analysis. All subjects first performed a practice 134 block to learn the task, after which stimuli were presented in 10 series of 280 stimuli (~4.5 135 min) each, with a short break between each series. 
Behavioural analyses
148
Reaction time analyses were performed on the responses to the target tones, after excluding 149 trials in which the response was too slow (>900 ms). Mean response times were determined 150 for each target-probability (10%, 30% and 50%) separately. In addition, we calculated the 151 overall percentage of detected target tones (percent correct) and calculated the false alarm rate influenced by musical training, we will not further refer to this test. (superconducting quantum interference device) jumps, data were down-sampled to 400 Hz.
165
For the analyses of oscillatory entrainment, epochs of 7000 ms (4000 ms pre-stimulus 166 and 3000 ms post-stimulus) were extracted from the continuous data using a sliding window 167 approach. These epochs included all series of four consecutive standard and omitted tones 168 (irrespective of probability), effectively using series of non-target tones to avoid any 169 movement-related activity.
170
Independent component analysis was used to remove any remaining variance caused 171 by eye blinks and heartbeat artifacts. As an extra check, the remaining data epochs were 172 visually inspected and any epochs with artifacts were removed manually. gradients of each channel, after which these were combined to obtain the oscillatory power at source-reconstructed activity across subjects, restricted to a surface-based template.
225
For the analysis of delta phase entrainment, a virtual channel was created in the motor 226 cortex contralateral to the response hand. The location of the motor cortex was estimated by 227 using a frequency-domain beamforming approach on the axial sensor data. We contrasted the 
Results
250
Behavioural data
251
Subjects had to press a button as swiftly as possible when detecting a target tone within the 252 isochronous stream of stimuli. For both groups, mean response time to targets decreased with 253 increasing target probability (see Figure 1B ), confirmed by a main effect of Probability (F 2,52
254
= 43.9, p < 0.0001). Although PD patients appeared generally slower than healthy controls 
Auditory activation does not differ between groups
262
To evaluate auditory processing, we defined an auditory ROI by averaging the evoked-field in Heschl's gyrus for both groups ( Figure 2B , bottom row).
To investigate whether both groups were equally proficient in extracting the predictive analysis are shown in Figure 2C and show a significant effect of Probability (F 2,52 = 8. 
Reduced motor activation in patients after target tones
290
To evaluate motor cortical activity, we calculated a motor ROI based on the 12 sensors that Figure 3B for both groups separately, with the difference between groups 297 located over the contralateral motor area ( Figure 3C ).
To study whether there was an effect of target-probability on this later activity, we 300 calculated the mean signal amplitude in the 200-850 ms post-stimulus time window over the 301 motor ROI ( Figure 3D ). There was a significant main effect of Probability on mean signal probability. There were no significant interactions involving Group or Probability.
Auditory versus motor entrainment
338
The previous results were all suggestive of intact auditory, but possibly deficient motor 339 activation in PD. In order to investigate this more directly, we calculated the spectral power 
Strength of motor activation varies with predictive value
374
The predictive value of each tone is used to set the motor cortex to an appropriate state of value of standard tones is reflected in the amount of beta ERD induced over the motor cortex.
378
Therefore, we calculated beta power traces over time for all sensors within the motor ROI for 379 tone omissions ( Figure 6A ). There was a significant main effect of Probability on the amount 
-----------------Insert Figure 6------------------
388
To test whether the ERD due to the standard tones indeed prepares the motor system 389 for an upcoming target, we investigated beta power after stimulus omissions. In omission patients, a finding that conforms to the earlier finding of reduced beta ERD in patients. There 400 was no significant interaction between Group and Probability (F 2,52 = 1.1, p = 0.33).
401
To test the relation between beta ERD (response preparation) and ERS (response 402 inhibition) more directly, we determined the correlation between these two variables. Over 
495
The results of this study, with normal entrainment of sensory areas, but impaired 496 engagement of motor areas in PD, fits the above framework. It has to be acknowledged, 
503
By contrast, they are impaired on beat-based rhythm discrimination tasks, dependent as they 
517
Note that time-frequency analyses in this study were confined to the beta frequency 518 band, as an important rhythm in both auditory and motor function, and the delta frequency 519 band corresponding to the stimulation frequency. Other frequency bands might also be 520 engaged, which could be worth investigating in future studies. 
